Learning and memory rely on dopamine and downstream cAMPdependent plasticity across diverse organisms. Despite the central role of cAMP signaling, it is not known how cAMP-dependent plasticity drives coherent changes in neuronal physiology that encode the memory trace, or engram. In Drosophila, the mushroom body (MB) is critically involved in olfactory classical conditioning, and cAMP signaling molecules are necessary and sufficient for normal memory in intrinsic MB neurons. To evaluate the role of cAMP-dependent plasticity in learning, we examined how cAMP manipulations and olfactory classical conditioning modulate olfactory responses in the MB with in vivo imaging. Elevating cAMP pharmacologically or optogenetically produced plasticity in MB neurons, altering their responses to odorants. Odor-evoked Ca 2+ responses showed net facilitation across anatomical regions. At the single-cell level, neurons exhibited heterogeneous responses to cAMP elevation, suggesting that cAMP drives plasticity to discrete subsets of MB neurons. Olfactory appetitive conditioning enhanced MB odor responses, mimicking the cAMPdependent plasticity in directionality and magnitude. Elevating cAMP to equivalent levels as appetitive conditioning also produced plasticity, suggesting that the cAMP generated during conditioning affects odor-evoked responses in the MB. Finally, we found that this plasticity was dependent on the Rutabaga type I adenylyl cyclase, linking cAMP-dependent plasticity to behavioral modification. Overall, these data demonstrate that learning produces robust cAMP-dependent plasticity in intrinsic MB neurons, which is biased toward naturalistic reward learning. This suggests that cAMP signaling may serve to modulate intrinsic MB responses toward salient stimuli.
Learning and memory rely on dopamine and downstream cAMPdependent plasticity across diverse organisms. Despite the central role of cAMP signaling, it is not known how cAMP-dependent plasticity drives coherent changes in neuronal physiology that encode the memory trace, or engram. In Drosophila, the mushroom body (MB) is critically involved in olfactory classical conditioning, and cAMP signaling molecules are necessary and sufficient for normal memory in intrinsic MB neurons. To evaluate the role of cAMP-dependent plasticity in learning, we examined how cAMP manipulations and olfactory classical conditioning modulate olfactory responses in the MB with in vivo imaging. Elevating cAMP pharmacologically or optogenetically produced plasticity in MB neurons, altering their responses to odorants. Odor-evoked Ca 2+ responses showed net facilitation across anatomical regions. At the single-cell level, neurons exhibited heterogeneous responses to cAMP elevation, suggesting that cAMP drives plasticity to discrete subsets of MB neurons. Olfactory appetitive conditioning enhanced MB odor responses, mimicking the cAMPdependent plasticity in directionality and magnitude. Elevating cAMP to equivalent levels as appetitive conditioning also produced plasticity, suggesting that the cAMP generated during conditioning affects odor-evoked responses in the MB. Finally, we found that this plasticity was dependent on the Rutabaga type I adenylyl cyclase, linking cAMP-dependent plasticity to behavioral modification. Overall, these data demonstrate that learning produces robust cAMP-dependent plasticity in intrinsic MB neurons, which is biased toward naturalistic reward learning. This suggests that cAMP signaling may serve to modulate intrinsic MB responses toward salient stimuli.
learning | memory | cAMP | plasticity | imaging L earning generates plasticity in neuronal responses to input stimuli, which is distributed across multiple cells and synapses in the brain. Molecularly, dopamine and downstream cAMP signaling are involved in multiple forms of memory, including olfactory learning. For instance, dopamine is required in the amygdala for olfactory classical conditioning in mammals (1) . Similarly, dopamine and downstream cAMP signaling molecules play a central role in olfactory classical conditioning in Drosophila. This pathway is particularly critical in the mushroom body (MB), a brain region that receives olfactory information and is required for olfactory learning. Dopaminergic neurons are postulated to convey a reinforcement signal to the MB-stimulating certain subsets of MB-innervating dopaminergic neurons drives aversive or appetitive reinforcement in lieu of a physical reinforcer (2) (3) (4) (5) . The dopamine released from these neurons acts directly on intrinsic MB neurons, and possibly other neurons in the area as well (6) (7) (8) (9) (10) (11) . The D1-like receptor DopR, type I adenylyl cyclase Rutabaga (Rut), catalytic domain of protein kinase A, and Dunce phosphodiesterase (Dnc) are all required for olfactory classical conditioning. Importantly, rescuing the expression of DopR or Rut-specifically in intrinsic MB neurons of otherwise mutant animals-restores normal olfactory learning and memory (7, 10, (12) (13) (14) (15) (16) (17) (18) . Further downstream, both Epac and PKA, as well as phosphorylation targets such as synapsin, have been shown to regulate learning and memory via effects in MB neurons (19) (20) (21) (22) (23) . Thus, dopamine and cAMP are critical in intrinsic MB neurons for normal memory. Furthermore, broadly elevating cAMP generates plasticity in MB neurons, demonstrating that this pathway influences the responsivity of MB neurons (8, 24) . However, the role of this pathway in driving coherent patterns of plasticity that encode memory is unknown.
Recent advances have opened up the possibility of understanding how olfactory memory is encoded in exquisite detail (25) . Recent studies of memory encoding in the Drosophila MB have suggested that mushroom body neurons are highly plastic, exhibiting learning-related changes in odor responses. This is supported by observations of memory traces using in vivo Ca 2+ imaging of neurons innervating the MB (26) (27) (28) (29) (30) (31) (32) (33) . However, the neuronal changes associated with cAMP-dependent, short-term memory are unclear. Conditioning generates plasticity in α′/β′-neurons within a few minutes of training (33, 34) , a time point at which the animals exhibit robust short-term memory. However, the Rut cyclase is not required in α′/β′-neurons for learning (17) , leaving the functional role of cAMP-dependent plasticity in the MB unclear. MB γ-neurons exhibit depression in response to an aversive conditioned odor that is sensitive to manipulations of Gαo-signaling (35) , though it is not clear how this relates to dopaminergic modulation via Gαs. Finally, blocking the synaptic output of MB neurons during conditioning does not impair aversive learning, suggesting that a significant proportion of the engram resides in the MB neurons and/or upstream connections (36) (37) (38) (though see ref. 6 ).
In contrast, other studies have described a major role for plasticity in downstream MB output neurons (MBONs), which may arise via pre-and/or postsynaptic plasticity. Robust, dopamine-dependent plasticity has been observed in MBONs, but not at the cellular level in MB neurons (11, (39) (40) (41) . This emphasizes the role of the MB in encoding sparse, relatively invariant olfactory representations (42, 43) . Learning-induced plasticity is then layered in at the MB-MBON Significance Cyclic AMP signaling is involved in learning across taxa, but how cAMP modulation drives coherent plasticity across circuits is unclear. Results of this study demonstrate that cAMPdependent plasticity in the Drosophila brain drives olfactory learning-induced plasticity, which is biased toward appetitive conditioning and modulates motivated behavior.
synapses, possibly via synaptic depression (11, 40, 44, 45) . This leaves the requirement of cAMP signaling molecules in the MB, and the dispensability of MB output during memory acquisition, unresolved. Thus, there is a paradoxical dissociation of anatomical loci between where cAMP signaling is required and where robust, short-term, learning-induced plasticity has been reported. Here we have examined the role of cAMP-dependent plasticity in the MB using in vivo imaging, combined with pharmacological and optogenetic manipulation of cAMP levels. Results suggest that cAMP-dependent plasticity localizes to intrinsic MB neurons and mirrors the plasticity induced during olfactory classical conditioning, with a bias toward appetitive conditioning.
Results
Elevation of cAMP Drives Plasticity in Mushroom Body Neurons. To examine the localization of cAMP-dependent plasticity, we imaged odor-evoked Ca 2+ responses in the MB before and after elevating cAMP transiently (Fig. 1A) . The MB contains three major anatomical classes of neurons: α/β, α′/β′, and γ, named according to the lobes that their axons innervate (α, α′, β, β′, and γ) (Fig. 1B) (46) . Some of these can be further subdivided by anatomical criteria: α/β [core (outer and inner), shell, posterior] and α′/β′ (anterior, middle, posterior) (γ-neurons are more homogeneous) (47, 48) . The genetically encoded Ca 2+ indicator UAS-GCaMP6f was expressed in different major subsets of MB neurons with subset-selective Gal4 drivers. Each of the MB lobes can be subdivided into two to five subdomains based on anatomical criteria (γ1 to γ5, α1 to α3, β1 and β2, α′1 to α′3, β′1 and β′2) (49) . For most analyses, the γ2-5-subdomains were pooled into a single anatomically contiguous region of interest (ROI), as were the β1-and β2-subdomains (Fig. 1C) . Odor-evoked Ca 2+ responses were imaged before and after pairing the odor with pharmacological elevation of cAMP via transient forskolin application (Fig. 1 D-F) . In initial experiments, GCaMP6f was expressed broadly in the MB with the R13F02-Gal4 (50) or 238Y driver, and odor responses were imaged in the MB α-, β-, and γ-lobes. Both γ1-and γ2-5-ROIs were significantly elevated relative to controls (Fig. 1 E-G) . When the γ2-5-regions were parsed and analyzed independently, the effect was significant in γ1 and γ5, with a trend in the same direction across the other regions (Fig. S1) . In α/β-neurons, an increase was observed in the α-, but not β-, lobe ( Fig. 1 F and H) . This could result from either a differential effect across these lobes or from relatively weak plasticity that exceeds the detection threshold only under certain experimental conditions. Therefore, we further examined the localization of cAMP-dependent plasticity, driving GCaMP with MB subset-selective Gal4 drivers: γ (R64C08 and 1471) and α/β (R34B09). Across all γ-drivers, both the γ1-and γ2-5-ROIs revealed significantly higher responses following cAMP elevation than in saline controls (Fig. 1 E-G) . In contrast, the α-and β-lobes exhibited enhancement in some drivers/ROIs but not others (Fig. 1H) .
The mixed results in α/β-neurons with different drivers/ROIs suggest that plasticity may be present in these neurons, though it (G) Change in odor responses following forskolin or saline (controls) in MB γ-neurons, using R13F02 (n = 10/12 for saline/forskolin), 238Y (n = 15/15), 1471 (n = 12/12), and R64C08 (n = 12/16) Gal4 drivers. *P < 0.05, **P < 0.01, ***P < 0.001 (Sidak). Fsk, forskolin. (H) Change in odor responses following pairing of odor with forskolin or saline in MB α/β-neurons, using R13F02 (α n = 11/11 for saline/forskolin; β n = 12/11), 238Y (α n = 12/12; β n = 15/15), and R34B09 Gal4 (α n = 12/12; β n = 12/12) drivers. ***P < 0.001 (Sidak).
falls below the detection threshold under some experimental conditions. Therefore, to probe the effects of cAMP on MB subsets with higher sensitivity, we turned to the presynaptically tethered reporter synaptophysin-GCaMP3 (syp-GCaMP3) (51, 52) . This enhances the sensitivity of the reporter and biases it toward neurotransmitter release-coupled synaptic Ca 2+ transients (53) . As above, a panel of MB drivers was tested. With the relatively broad 238Y-Gal4 driver, we observed cAMP-dependent enhancement across multiple MB regions, including the α-and β-lobes (Fig. S2 B and C). Significant increases in odor-evoked responses were also observed in the γ1-and γ2-5-regions with the γ-selective R64C08-Gal4 driver (Fig. S2C) , and in the α-lobe with the α/β-specific driver R34B09 (Fig. S2 B and C) (β-lobe fluorescence was too weak to image with this driver/reporter combination). Thus, synaptically tethered GCaMP revealed plasticity in two cases where it was not significantly elevated with cytosolic reporters (Fig. 1H and Fig. S2 B and C) . Overall, these data suggest that elevating cAMP produced strong increases in odor-evoked responses in MB γ-lobes, with smaller and/or more localized synaptic plasticity in α/ β-neurons.
Plasticity Is Intrinsic to Mushroom Body Neurons. Olfactory information flows from olfactory receptor neurons in the periphery through second-order projection neurons in the antennal lobes to the third-order MB neurons. Therefore, increases in MB neuron responses to odorants could result from changes in either the MB neurons themselves or the upstream projection neurons that provide their olfactory input. To test this, we separately imaged projection neurons and MB neurons in the calyx, where the MB neurons receive input from projection neurons. GCaMP was expressed in either the olfactory projection neurons or the MB neurons, and the effect of forskolin on odor-evoked Ca 2+ responses was examined. Three GCaMP variants were used: cytosolic GCaMP6f, presynaptically tethered syp-GCaMP3, or postsynaptically tethered homer-GCaMP3 (51). This allowed direct comparison of the cAMP-dependent plasticity on both sides of the synapse between projection neurons and MB neurons. Information flow in the calyx is bidirectional, with both projection neurons and MB neurons having pre-and postsynaptic elements in the calyx (54) (55) (56) . Therefore, we expressed each GCaMP variant in each neuron class and imaged the calyx, analyzing all six combinations in separate experiments ( Fig. 2 A-C and Fig. S3 ). With all three reporters, MB neurons showed a significant increase in postforskolin odor responses relative to saline controls (Fig. 2D ). In contrast, projection neurons showed a significant decrease with cytosolic and syp-GCaMP, and no change with homerGCaMP (Fig. 2D) . Thus, the cAMP-induced increases in MB odor responses cannot be attributed to facilitation in the upstream olfactory pathway.
Intrinsic MB neurons are interconnected with a variety of extrinsic neurons (29, 47, 49, 57, 58) . Therefore, pharmacological cAMP manipulation could generate plasticity via actions on these other interconnected components of the circuit. To localize elevation of cAMP to intrinsic MB neurons, we implemented an optogenetic approach. The photoactivatable adenylyl cyclase bPAC (59) was coexpressed with the red-shifted, genetically encoded Ca 2+ reporter R-GECO (60) in the MB. This combination allowed discrete optogenetic elevation of cAMP and imaging of odor-evoked responses. Odor responses were imaged in the β-and γ-lobes before and after pairing odor with stimulation of bPAC via blue light ( Fig. 3 A and B) . In the γ1-and γ2-5-regions, odor responses were facilitated in bPAC-expressing flies relative to controls lacking the cyclase (Fig. 3C) . While there was a trend in the β-lobe, the difference was not statistically significant. There was no difference in odor-evoked responses in control experiments where animals were not exposed to blue light (Fig. 3C ). While bPAC does not generate detectable cAMP in the absence of light stimulation (59), ectopic expression could conceivably alter neuronal function. To test this possibility, we expressed bPAC in the MB using the same 238Y-Gal4 driver as above, and tested olfactory aversive conditioning, which relies on intact MB function (36, 37) . In this behavioral assay, bPACexpressing flies exhibited no impairment of olfactory learning relative to the two controls ( Fig. 3D ) (P = 0.10, ANOVA). Overall, these data suggest that elevating cAMP enhances odor-evoked responses specifically via actions in the intrinsic MB neurons.
Elevation of cAMP Alters Odor Coding Across MB Neurons
Heterogeneously. The MB lobes each contain hundreds of bundled axons (46, 48) . Ca 2+ responses at the lobe level therefore represent the net activation of numerous neurons by the odorant. To understand how individual neurons respond to elevation of cAMP, we imaged individual MB somata in the cell body layer (Fig. 4 A and  B) . A panel of Gal4 and split-Gal4 drivers was used to target GCaMP6f to particular subsets of MB neurons, and odor-evoked responses following pharmacological elevation of cAMP with forskolin (n > 12 per group). Because information flow in the calyx is bidirectional, all three GCaMP variants were expressed both in the MB neurons (238Y) and PNs (GH146), and the calyx was imaged with all six combinations. Ethyl butyrate was presented as the odorant. **P < 0.01, ***P < 0.001 (Sidak).
Ca
2+ responses were imaged pre-and postforskolin treatment. Among γ-neurons, odor-evoked responses decreased in saline controls and increased, on average, in forskolin-treated animals (Fig. 4  D-F) . This pattern was consistent across three γ-selective Gal4 drivers (Fig. 4F) . Pre vs. post responses were analyzed across neurons with linear regression (Fig. 4G ). There was no significant difference in slopes of the regression lines between controls and forskolin-treated groups (P = 0.321), indicating that the magnitude of forskolin-induced facilitation did not depend on the preforskolin odor response. The elevation of the regression line was significantly higher in the forskolin group (P < 0.001), reflecting an overall increase in odor-evoked responses. However, there was clear heterogeneity in changes between individual neurons-while most neurons exhibited increases following forskolin treatment, some decreased (Fig. 4G) . To further examine this, neurons were categorized according to their change in odor-evoked responses following treatment. Most neurons in saline controls exhibited no significant change across odor presentations (n = 108/195) (Fig. 4H) . Among the minority of neurons that exhibited a significant change, more decreased (n = 65) than increased (n = 22). This underlies the modest decrease in averaged responses (Fig. 4E) . When cAMP was elevated with forskolin, the most common response was a significant increase in posttreatment responses (n = 157/292), though nearly as many neurons exhibited no change (n = 122), and a few decreased (n = 13) (Fig. 4H) . These data suggest that elevation of cAMP exerts heterogeneous effects across individual MB γ neurons, with the net effect of biasing olfactory responses upward.
Similar to γ-neurons, α/β-neurons exhibited slight decreases in overall odor responses in controls, and significant increases in responses following cAMP elevation (Fig. 4 I-K) . Two of three α/β-selective Gal4 drivers exhibited a significant increase, while the third showed a trend in the same direction (Fig. 4K) . Linear regression revealed a significant increase in intercept (P < 0.001) but no change in slope (P = 0.329) (Fig. 4L) . When categorized in terms of pre vs. post responses, in saline control experiments most α/β-neurons exhibited no change (n = 105/208) or decreases (n = 78), with a small number showing increases (n = 25). In forskolin-treated animals, most neurons increased (n = 110/260), a similar number exhibited no change (n = 107), and a few decreased (n = 43). Thus, as with the γ-neurons, α/β-neurons showed heterogeneous responses following cAMP manipulation that are biased toward facilitation. We additionally examined the third major class of MB neurons, α′/β′. (Fig. S4 ). This class of neuron exhibited no net change in odor-evoked responses following forskolin application, imaged using either cytosolic or presynaptically tethered GCaMP variants (Fig. S4 B-D) . However, examination of single-cell responses revealed significant spontaneous activity, particularly following forskolin application ( Fig. S4 E and F) , as well as little correlation between calculated pre-and postforskolin response magnitudes (r 2 = 0.06) (Fig.  S4I ). This observation is broadly consistent with prior observations that α′/β′-neurons are more excitable than the other classes of MB neurons (42) .
To comprehensively delineate the plasticity in intrinsic MB neurons following cAMP manipulation, we implemented activitydependent neuronal labeling with CaMPARI (Fig. S5) . This allowed us to produce a three-dimensional "activity snapshot" of MB neuron activity following cAMP elevation. MB γ-and α/β-neurons were targeted separately, driving UAS-CaMPARI (61) with subset-selective Gal4 drivers (1471 and c739, respectively). Significant increases in the number of labeled neurons were observed in forskolin-treated animals among both γ-and α/β-neurons (Fig. S5D) . Since any given odor activates 6 ± 5% of MB neurons (42, 62) , ∼37 γ-neurons (1471) and ∼60 α/β-neurons (c739) should respond to a typical odorant (48) . Our data are consistent with this prediction, with a mean of 37.4 γ-and 77.6 α/β-neurons activated per MB in saline controls. Following forskolin treatment, CaM-PARI labeled more neurons: Means of 83.2 γ-neurons and 111.7 α/β-neurons were labeled (Fig. S4D ). This could reflect additional neurons "recruited" into the odor representation, though we saw no widespread changes in the number of responsive neurons in single-cell GCaMP imaging experiments. Therefore, the difference in the number of labeled cells is likely driven by differences in the number of neurons exhibiting odor-evoked activity levels that exceed the CaMPARI threshold. There was a larger percentage increase in the number of labeled cells following forskolin treatment among γ-neurons (122% increase) than α/β-neurons (44% increase), consistent with the interpretation that γ-neurons are more sensitive to elevation of cAMP. Overall, these data support the conclusion that cAMP increases the net responsivity of MB neurons to odorants, with differential effects across anatomical classes of MB neurons.
Aversive Conditioning Produces No Net Plasticity in the Mushroom
Body. A major question is how cAMP-dependent plasticity functions during learning to encode memory. To answer this question, we first tested how aversive classical conditioning alters odor-evoked responses in the MB. Odor responses were imaged with GCaMP6f before and after pairing the odor with electric shocks delivered to the legs/abdomen (Fig. 5 A and B) . Responses to the paired odor (CS+) or unpaired odor (CS−) were imaged in separate experiments (Fig. 5B) . This paradigm allowed within-animal comparison of the odor-evoked responses before and after conditioning, as well as comparison of the group differences in CS+ vs. CS− responses. Across the MB, responses to both the CS+ and CS− were reduced following conditioning, representing nonassociative adaptation (Fig. 5 C and D) . The Ca 2+ responses did not significantly differ between the CS+ and CS− across any region imaged, suggesting that aversive conditioning does not produce a net change in MB neurons across the lobes (Fig. 5E ). Further subdivision of the γ-and β-lobes did not reveal compartment-specific effects (Fig. 5G ). There was a trend toward less adaptation in CS− responses, particularly among the α-and β-lobes. Therefore, we tested conditioning effects in rut 1 mutants, which have a mutation in the type I adenylyl cyclase and exhibit impaired olfactory learning and memory (63) (64) (65) . In these mutants, no significant differences were observed across any of the regions imaged (Fig. 5F ), though there was a trend in the opposite direction relative to the wild-type flies (less adaptation in the CS+ responses). In an additional test, we starved flies before aversive conditioning, which can stabilize memory following single-cycle aversive training (66) . Similar to the other protocols tested, this paradigm produced no differences in CS+ vs. CS− responses (Fig.  5H) . In summary, we were unable to detect significant changes in net odor-evoked Ca 2+ responses associated with aversive conditioning. While we observed no effect at the cellular level, this remains broadly consistent with models emphasizing localized synaptic plasticity at MB output synapses during aversive conditioning, which may be regulated in a highly localized, synapse-specific manner (11, 35, 67) .
Appetitive Conditioning Drives Robust, Rutabaga-Dependent Plasticity.
Prior studies have demonstrated a critical role for cAMP signaling in intrinsic MB neurons in learning, yet we were unable to detect net plasticity during aversive conditioning. Conceptually, the MB is critical for olfactory associative memory and integration of conditioned/ unconditioned stimulus cues, but has also been implicated in more general motivational control and context dependence of behavior (68) (69) (70) (71) . In addition, there are differences in functional circuit requirements for appetitive vs. aversive conditioning (4, 5, 7, 8, 28, 49, 72, 73) . Therefore, we reasoned that appetitive conditioning may exert broad influence over MB neuron responsivity. To test this, we paired odor with sucrose reward in hungry flies (Fig. 6 A and B) . Following conditioning, the post:pre ratio was significantly enhanced, for the CS+ relative to the CS−, across all regions imaged (γ1, γ2 to γ5, α, and β) (Fig. 6 C and D) . Responses to the CS− dropped after conditioning, reflecting a similar adaptation as seen with both odors during aversive conditioning. However, the CS+ response was enhanced relative to the baseline adaptation (Fig. 6H) . This was consistent regardless of which odor was used as the CS+ and CS− (Fig. 6  D and F) , and was absent when odor was presented without reinforcement (Fig. 6G) . These data suggest that appetitive conditioning produces an associative change in the magnitude of the responses to the CS+ and CS−, increasing relative responses of the MB to the trained odor (↑ CS+:CS−). To determine whether the plasticity was dependent on cAMP signaling via the Rutabaga adenylyl cyclase, we tested rut 1 mutants, which are impaired in appetitive (in addition to aversive) learning (7, 65, 73, 74) . In rut 1 mutants, the difference between the CS+ and CS− responses was abolished across all of the regions examined (Fig. 6 E and I) . To test whether there was any regional variation across the subdomains of these lobes, we further parsed the β-and γ-lobes into individual compartments (Fig. 6J) . CS+ responses were significantly elevated relative to CS− responses in the proximal γ-compartments (γ1, γ2) and distal β-compartment (β2) (Fig.  6K) . Differences between CS+ and CS− in other compartments did not reach significance, though in all cases there was a trend in the same direction.
We next asked what effect appetitive conditioning produces on cAMP, and sought to mimic the naturalistic cAMP levels with pharmacological cAMP manipulations. To measure cAMP levels during learning, we utilized the genetically encoded, fluorescence resonance energy transfer (FRET)-based cAMP reporter UAS-epac-cAMPs, expressed in the MB under control of the 238Y-Gal4 driver (75, 76) . cAMP levels were measured in the γ2-5-region while presenting odor and sucrose, which were paired for 30 s (Fig. 7A) . This appetitive conditioning protocol produced a robust response in the cAMP reporter (12.7 ± 6.4% ΔR/R) (Fig. 7A) . We then imaged cAMP while applying forskolin in the bath (Fig. 7 A and B) . Several concentrations were tested, increasing in quarter-log-unit intervals. Since the kinetics of the cAMP responses differed between the naturalistic training and the pharmacological manipulation, we compared peak amplitudes of the cAMP responses. Among the concentrations tested, 30 μM forskolin (13.3 ± 2.0% ΔR/R) most closely approximated the peak cAMP responses evoked by appetitive conditioning, and the magnitudes of the two did not significantly differ (P > 0.05; Sidak). Therefore, we used that forskolin concentration to test whether elevating cAMP to behaviorally relevant levels affected odor responsivity in the MB. Odor-evoked Ca 2+ responses in the MB γ-lobe were significantly facilitated following pairing of odor with elevation of cAMP using 30 μM forskolin (Fig. 7C) . This change was compared with flies exposed to the control drug 1,9-dideoxyforskolin, a forskolin analog that does not elevate cAMP. The post:pre ratio was significantly larger in flies exposed to 30 μM forskolin than in controls exposed to 30 μM 1,9-dideoxyforskolin, in agreement with previous results (8) . Overall, these data suggest that appetitive conditioning elevates cAMP in MB neurons, and that mimicking this level of cAMP elevation produces plasticity in the MB.
Discussion
The present data support several major conclusions about the role of cAMP-dependent plasticity in the memory-encoding MB: (i) Intrinsic MB neurons exhibit robust cAMP-dependent plasticity; (ii) cAMP-dependent plasticity is heterogeneous, both across and within anatomical classes of MB neurons; (iii) the directionality and magnitude of plasticity parallel Rut-dependent associative changes in MB responsivity following appetitive classical conditioning; and (iv) appetitive conditioning produces changes in cAMP of a magnitude that generates plasticity in odor-evoked responses. Thus, cAMP-dependent plasticity plays a major role in modulating intrinsic MB neurons, directly linking the physiology of MB neurons to the behavioral roles for cAMP signaling molecules in learning and memory (8, 9, 12, 17, 23, 24, (77) (78) (79) . One caveat to the interpretation of imaging studies is that the preparations require tethering the animal under a microscope. Future developments enabling recording of brain activity in freely behaving animals will be necessary to test how responses in the MB neurons facilitate behavioral output in real time.
In the context of olfactory learning, the MB encodes a sparse representation of olfactory space, which is computationally advantageous for learning and potentially modulated by learned valence (11, 40, 42-44, 49, 80 to input stimuli, coincidence detection would result in uniform plasticity across the sparse set of neurons that encode the odor and receive a reinforcement signal (9, 24, 38) . However, the heterogeneity we observed in cAMP-dependent plasticity suggests that olfactory memory traces may be driven to specific subsets of "eligible" neurons in the MB. This could play an analogous role to memory allocation, which drives memory traces to subsets of eligible neurons in the mammalian amygdala during fear conditioning (81, 82) . Molecularly, heterogeneity may be driven by differential expression of genes that function downstream of cAMP/Epac/ PKA to regulate neuronal excitability or presynaptic function. Such differences in expression could be set up via developmental or epigenetic mechanisms.
We propose that the cAMP-dependent plasticity in the MB plays two roles during olfactory learning: filtering MB responses based on salience and encoding valence (Fig. S6) . A role for MB plasticity in salience filtering is suggested by the observation that appetitive conditioning produced enhancement of MB responses across spatial compartments. These compartments have been suggested to route olfactory signals to valence-encoding output neurons, driving learned approach or avoidance (49) via heterosynaptic plasticity (11) . Therefore, the broad pattern of plasticity observed here would affect multiple downstream output pathways of opposing valence, suggesting that it does not encode valence per se. Rather, it may function to heighten relative MB sensitivity to salient stimuli. Across multiple sensory systems, ascending information is filtered according to salience, typically enhancing responses to stimuli that are biologically important (83) . Alternatively, appetitive conditioning may modulate MB neurons in a fundamentally different way from aversive conditioning. While these opposing forms of memory require many overlapping MB-associated neurons, there are some differences in the circuits recruited during these forms of learning (4, 5, 7, 8, 28, 49, 72, 73) , and plasticity across MB neurons may be one difference. Regardless of the interpretation, our data reveal cAMP-dependent plasticity at the cellular level in intrinsic MB neurons. This may be layered on top of synaptic plasticity at MB output synapses, which have been proposed to encode valence by altering how olfactory signals flow through the neuronal networks that mediate behavioral approach or avoidance (11, 38, 44) (Fig. S6) .
Several additional lines of evidence support the idea that cAMPdependent plasticity serves as an overall gain control, regulating MB responses based on stimulus salience. First, the MB and MB-innervating dopaminergic neurons modulate salience-based decision making in a visual flight simulator paradigm (84) . Second, dopaminergic neurons innervating the MB respond broadly to sensory stimuli that do not have an acquired valence (85, 86) , and exhibit activity that is correlated with locomotion (67, 87) . Activation of these neurons elevates cAMP in the downstream MB neurons in a compartmentalized manner (8) , which in turn modulates their sensitivity and neurotransmission at the MB-MBON synapses (8, 11, 24, 40, 67) . Thus, the MB neurons receive dynamically regulated dopaminergic inputs that alter the function of both the MB and downstream network components as a function of behavioral state. This may facilitate learning in situations in which the animal is likely to experience biologically important events (e.g., during foraging). Similar modulatory mechanisms modulate plasticity and memory in other animals as well. For instance, in honeybees, appetitive conditioning prolongs odor responses in MB neurons (88) . Likewise, in the mammalian amygdala, coactivation of neuromodulatory and Hebbian plasticity is necessary for plasticity and memory (89) .
Aversive conditioning produced no significant plasticity in our hands, consistent with results from some optogenetic reinforcement substitution imaging experiments (11) . However, since Rut is required in MB neurons for normal aversive memory (12, 16) , cAMP-dependent plasticity is likely present in some form. Indeed, a previous study detected plasticity in the γ-lobe following aversive conditioning (35) , which could be tightly localized to specific output synapses or neuronal subsets (11, 49, 67) . Pairing odor with stimulation of tyrosine hydroxylase Gal4-labeled dopaminergic neurons produces aversive memory and detectable plasticity in MB γ-neurons (2, 3, 5, 8) . In this study, we observed robust plasticity differentially following appetitive conditioning. This may be due to a bias toward learning about stimuli that guide motivationally relevant behaviors, such as approaching food-associated odors. Consistent with such an interpretation, appetitive conditioning produces memory that is more stable over time than aversive memory (65, 90) . A single trial of appetitive conditioning leads to the formation of long-term memory, while aversive conditioning requires multiple-spaced trials. The cAMP-dependent plasticity during appetitive conditioning could trigger downstream molecular pathways necessary to engage long-term memory formation. This presumably interacts with Ca 2+ levels in neurons to regulate short-and long-term memory. In honeybees, elevating intracellular Ca 2+ during a single-trial conditioning, which normally only triggers short-term memory, can induce long-term memory, whereas decreasing intracellular Ca 2+ during multiple-spaced training impaired long-term memory formation (91) . In addition, appetitive memory retrieval is motivationally gated by hunger state, suggesting a tie-in with motivational state (71) . Integrating our observations, this suggests that motivationally relevant stimuli may enhance the sensitivity of MB neurons via cAMP-dependent plasticity, modulating the overall gain of the system in a saliencedependent manner.
The MB is involved in multiple distinct yet potentially interrelated behaviors, including several forms of learning and memory (20, 71, 79, (92) (93) (94) , regulating sleep and activity (49, (95) (96) (97) , context generalization (70), habituation (98), temperature preference (86, 99) , context dependence of olfactory behaviors (68, 69) , and salience-based decision making (84) . The common thread among these behaviors is that they revolve around selection of an appropriate action based on context. Thus, a primary function of the MB and its modulatory input may to be alter the probability of action based on integrating environmental cues and internal state. In such a scenario, modulating the overall gain of the circuit could function in concert with finescale synapse-specific plasticity to alter the flow of information to downstream motor areas. Thus, our data support a model in which dopaminergic neurons and downstream cAMP-dependent plasticity modulate MB responses to stimuli based on their salience, priming the animal to engage in appropriate goaloriented behaviors.
Materials and Methods
Detailed procedures can be found in SI Materials and Methods. Briefly, flies were raised according to standard laboratory protocols. For in vivo imaging, flies were mounted in an imaging chamber, a cuticle window was opened, and the brain was imaged with appropriate laser lines under a confocal microscope. Saline was perfused across the brain throughout, and pharmacological manipulations were applied in the saline. Genetically encoded Ca 2+ /cAMP reporters or optogenetic effectors were expressed in MB neurons or olfactory projection neurons under Gal4 control. Responses were plotted as the baseline-normalized change in GCaMP fluorescence (ΔF/F ) or inverse FRET ratio (ΔR/R). Forskolin was used to elevate cAMP, and pre/post odor-evoked responses were imaged as previously described (8) . For optogenetic elevation of cAMP, R-GECO (60) and bPAC (59) were coexpressed in MB neurons, and the brain was illuminated with blue laser light (448 nm). For activity-dependent neuronal tagging in vivo, CaMPARI was expressed in the MB. Odor was presented and then paired with forskolin or saline, a z stack encompassing the complete region of the MB somata was collected, and the number of photoconverted cells was counted. To combine in vivo imaging and aversive conditioning, flies were prepared for in vivo imaging and trained with a modified aversive classical conditioning paradigm under the microscope (30) (31) (32) . Similarly, imaging was combined with appetitive conditioning by pairing odor with sucrose reward under the microscope in a differential conditioning paradigm; MB responses were imaged with GCaMP or epac-cAMPs. Statistical analysis was performed with GraphPad Prism.
